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Abstract We report new detrital zircon U-Pb ages of
nine quartzites sampled along the Phyllite—Quartzite unit
sensu stricto (PQ unit s.s.), in the high-pressure belt of the
southern Hellenides. The detrital zircon age spectra are
dominated by two significant age peaks at ca. 600 and ca.
1000 Ma, which are typical for an east Gondwana prov-
enance. The absence of zircons of Carboniferous—Triassic
ages suggests that the depositional environment was iso-
lated from Variscan and early Mesozoic sources. Our data
are in support of paleogeographic configurations placing
the protolith of the PQ unit s.s. south of the Paleotethys
ocean and along the northern Gondwana margin. The zir-
con age spectra do not show significant variations with
respect to the tectonostratigraphic position within the PQ
unit s.s. and the position along the high-pressure belt. Com-
bining the new (this study) with published detrital zircon
ages, we suggest that the siliciclastic metasediments of the
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Introduction

Understanding the tectonic evolution of the eastern Medi-
terranean relies significantly on deciphering the tectonic
processes that took place between Gondwana and Eurasia
in late Neoproterozoic to early Mesozoic times. Critical
aspects are the robust reconstruction of the northern Gond-
wana margin and the correct identification of the remnants
of the peri-Gondwana terranes, which bordered the margin
(Murphy et al. 2004). Two major types of peri-Gondwana
terranes (Avalonian and Cadomian) have been identified
based on the basement age, the provenance of associated
sediments, and Nd isotopic signatures (e.g., Nance and
Murphy 1996; Stampfli et al. 2002; Samson et al. 2005). In
the eastern Mediterranean, the Minoan terranes have been
recognized as a separate collection of crystalline complexes
related to eastern Gondwana (Zulauf et al. 2007, 2015;
Dorr et al. 2015).

During Paleozoic, the rifted fragments from the dismem-
bered belt of the peri-Gondwana terranes moved north-
ward, giving birth first to the Rheic and subsequently to the
Paleotethys oceans (e.g., Stampfli and Borel 2002; Stampfli
et al. 2002). These Gondwana fragments were accreted to
the southern margin of Eurasia and were involved in the
late Paleozoic Variscan orogeny (von Raumer 1998; Stamp-
fli and Borel 2002). Late Paleozoic rifting at the northern
Gondwana margin induced detachment of the Cimmerian
terranes. Continued northward subduction of Paleotethys

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00531-016-1298-z&domain=pdf
http://dx.doi.org/10.1007/s00531-016-1298-z

1882

Int J Earth Sci (Geol Rundsch) (2016) 105:1881-1899

below Eurasian lithosphere caused northward drifting of
the Cimmerian terranes and opening of the Neotethys in
late Permian or Late Triassic times (Robertson et al. 1996,
Stampfli and Borel 2002). Accretion of the Cimmerian ter-
ranes to the southern Eurasian margin or collision with ter-
ranes drifted away from Eurasia led to the Middle-Late
Triassic Cimmerian orogeny and the final closure of the
Paleotethys (Stampfli and Borel 2002; Zulauf et al. 2015).
In eastern Mediterranean, structural and metamorphic over-
prints of Mesozoic and Cenozoic deformation events fur-
ther complicate the relationships between the different pre-
Alpine crustal fragments.

In the Hellenides orogen, pre-Mesozoic crustal frag-
ments of Cadomian-, Avalonian-, Amazonian-, and
Minoan-type affinity have been identified (Romano et al.
2004; Anders et al. 2006; Himmerkus et al. 2007; Zulauf
et al. 2007, 2015; Meinhold et al. 2010; Zlatkin et al. 2013;
Dorr et al. 2015). Juxtaposition of crustal fragments with
such variable provenance requires a complex pre-Alpine
tectonic history, possibly involving large-scale lateral dis-
placements along major transcurrent faults (Stampfli et al.
2002). Pre-Alpine basement complexes in the southern
Hellenides have been interpreted to represent exotic ter-
ranes emplaced from the central Mediterranean region by
dextral strike-slip movements during late Paleozoic and/or
early Mesozoic (Dornsiepen et al. 2001; Robertson 2006).
In this case, the provenance of late Paleozoic to early Mes-
ozoic sediments should be characterized by abrupt lateral
changes. Alternatively, amalgamation of rifted Gondwana
fragments to the southern margin of Eurasia, followed by
Triassic closure of the Paleotethys in the south Aegean
region (Stampfli and Borel 2002; Stampfli et al. 2002;
Moix et al. 2008; Zulauf et al. 2015), could explain the dif-
ferent stratigraphic and tectonic records of the pre-Alpine
basement complexes (Romano et al. 2004; Seidel et al.
2006; Xypolias et al. 2006; Dorr et al. 2015; Zulauf et al.
2015). In this case, we should be able to trace the remnants
of the Paleotethys suture in the southern Hellenides.

Based on differences in the magmatic and detrital zircon
ages, the Paleotethys suture was recently identified on east-
ern Crete within a tectonostratigraphic sequence consist-
ing of Carboniferous to Triassic siliciclastic metasediments
and pre-Alpine crustal fragments (Zulauf et al. 2015). This
finding is in agreement with previous stratigraphic studies,
which suggest that the Paleotethys suture zone runs through
the Peloponnesus and Crete in the southern Hellenides
(Stampfli and Borel 2002; Moix et al. 2008). The existence
of the Paleotethys suture within the External Hellenides
has also been suggested by Kydonakis et al. (2014) based
on detrital zircon data from northern Peloponnesus. How-
ever, tracking the lateral continuation of the suture zone has
been proven difficult due to strong overprinting by Ceno-
zoic high-pressure/low-temperature (HP/LT) metamorphism
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and related deformation (e.g., Seidel et al. 1982; Theye et al.
1992; Fassoulas et al. 1994; Doutsos et al. 2000; Xypolias
and Doutsos 2000; Zulauf et al. 2002; Chatzaras et al. 2006,
2013a; Xypolias et al. 2008; Jolivet et al. 2010; Marsellos
et al. 2010; Klein et al. 2013). The Phyllite—-Quartzite unit
sensu lato (PQ unit s.1.), which hosts the Paleotethys suture
on eastern Crete, is exposed for approximately 600 km
along the HP belt of the External Hellenides (Fig. 1). The
PQ unit s.1. is characterized by significant along-strike vari-
ations in the depositional environment of the constituent
siliciclastic metasediments (Robertson 2006), which further
obscures the lateral tracking of the suture zone. Lateral vari-
ations in the depositional environment could be the result
of: (1) transcurrent tectonics; (2) variations in basin mor-
phology affecting paleocurrents; and (3) regionally variable
input from different river systems and/or source areas.

In this study, we present data that put constraints on the
provenance and the lateral associations of the siliciclastic
metasediments included in the PQ unit s.I. The age spectra
of detrital zircons provide information for the along-strike
configuration of the Gondwana margin and shed more light
on the tectonic processes that were active in the Paleoteth-
yan realm.

Geological setting

The siliciclastic metasediments of the PQ unit, which are
the focus of the present study, are situated in the External
Hellenides (Fig. 1a). The External Hellenides are made up
of a series of thrust sheets, which in ascending order com-
prise: the Plattenkalk, Trypali (exposed only on Crete),
PQ unit s.1., Tripolitsa, and Pindos units (Fig. 1b). The
Plattenkalk unit comprises a late Carboniferous—Eocene
mainly carbonate sequence (Epting et al. 1972) covered
by an Early Oligocene calcareous flysch (Bizon and Thie-
bault 1974). The overlying Trypali thrust sheet consists of
an Early Triassic—Early Jurassic sequence of dolomites,
evaporates, rauhwackes, and shales (Krahl et al. 1983). The
Trypali thrust sheet is overthrust by the PQ unit s.1., which
comprises a siliciclastic sequence (Krahl et al. 1983; Zulauf
et al. 2002; Robertson 2006; Papanikolaou and Vassilakis
2010). The age of the siliciclastic sequence is middle Car-
boniferous—Late Triassic, constrained by biostratigraphic
data from Crete (Krahl et al. 1983); fossil finds are rare in
the Peloponnesus and Kythera. The Tripolitsa and Pindos
thrust sheets are mainly composed of Mesozoic carbonate
rocks covered by Eocene—Oligocene flysch (Bonneau 1984;
Konstantopoulos et al. 2013). The pile of the External Hel-
lenides thrust sheets is overlain by a Neogene—Quaternary
sedimentary succession (Fortuin 1978; van Hinsbergen
and Meulenkamp 2006; Zachariasse et al. 2011; Maravelis
et al. 2013).
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Fig.1 a Map of the major tectonic elements in Greece and western
Turkey. b Geological map of the External Hellenides. The siliciclastic
metasediments analyzed in the present study comprise part of the PQ
unit s.l. (in red). The internal subdivision of the PQ unit s.l. into PQ

The PQ unit s.1. cannot be treated as a single unit; it con-
sists of several internal units with significant differences in
protolith age, deformation, as well as in metamorphic age
and grade (Zulauf et al. 2002, 2015; Stampfli et al. 2003;
Robertson 2006; Papanikolaou and Vassilakis 2010). The
structurally lower part is the PQ unit sensu stricto (PQ unit
s.s.), which consists of middle Carboniferous—Early Trias-
sic phyllites, quartzites, marbles, and metavolcanics (Krahl
et al. 1983, 1986). Under the term PQ unit s.s., we include
both the Arna unit of Peloponnesus (Papanikolaou and

unit s.s., pre-Alpine basement, and Tyros unit is shown in the tecton-
ostratigraphic column. The locations of the nine analyzed samples are
also shown in the map

Skarpelis 1987) and the PQ unit of western Crete (Krahl
et al. 1983; Robertson 2006). Detrital zircon age spectra
are dominated by Ediacaran and Tonian age peaks at ca.
600 Ma and ca. 1 Ga, respectively (Marsellos et al. 2012;
Kydonakis et al. 2014; Dorr et al. 2015). The protolith of
the PQ unit s.s. was metamorphosed to HP/LT conditions
in late Oligocene, at ca. 24 Ma (Seidel et al. 1982). Peak
metamorphic conditions (7 = 450 °C and P = 13-17 kbar)
have been reported from the southern Peloponnesus and
decrease toward the northern Peloponnesus and eastern
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Crete (Katagas et al. 1991; Theye et al. 1992; Blumér 1998;
Zulauf et al. 2002; Jolivet et al. 2010).

The PQ unit s.s. is overthrust by the pre-Alpine base-
ment unit, which contains subcomplexes of different pro-
tolith age and metamorphic history (Finger et al. 2002;
Romano et al. 2006; Seidel et al. 2006; Xypolias et al.
2006; Lode et al. 2008; Zulauf et al. 2008, 2015; Dorr et al.
2015). A Precambrian basement has been identified in the
southern Peloponnesus and on eastern Crete, composed of
micaschists, quartzites, and meta-graywackes intruded by
Cambrian granitoids (511-524 Ma) (Romano et al. 2004;
Dorr et al. 2015). On Kythira island, the pre-Alpine base-
ment consists of felsic gneisses, which provide evidence
for both Carboniferous to early Permian (323-302 Ma;
Xypolias et al. 2006; Seidel et al. 2006) and Late Triassic
(232 £ 2 Ma; Lode et al. 2008) plutonism. Moreover, the
pre-Alpine basement on eastern Crete underwent amphib-
olite-facies metamorphism during Carboniferous and Per-
mian, followed by Jurassic cooling (Finger et al. 2002;
Romano et al. 20006).

The Tyros unit overlies the pre-Alpine basement and
consists of Permian to Late Triassic conglomerates, silici-
clastics, carbonates, slates, as well as andesites and felsic
volcanic rocks (Krahl et al. 1986; Robertson 2006, 2008;
Zulauf et al. 2008, 2013, 2015). Lower Permian and Tri-
assic magmatism, coeval with the deposition of the Tyros
sediments, is indicated by the existence of felsic volcanic
rocks (285 & 2, 249 + 2, 228 £+ 1 Ma, concordant U-Pb
zircon ages with 20 uncertainties) and by detrital zircons
(242 + 3, 240 £ 5, 237 + 3 Ma, concordant U-Pb zircon
ages with 20 uncertainties) separated from the Tyros unit
metasediments (Zulauf et al. 2013, 2015). The detrital zir-
con ages of the Tyros unit further reveal Precambrian and
Variscan ages. Triassic magmatism in the pre-Alpine base-
ment and the Tyros unit is consistent with the presence of
Triassic felsic plutonic rocks, which are common in dif-
ferent tectonic zones of the Hellenides (e.g., Pelagonia,
Cyclades, and Serbomacedonia; Chatzaras et al. 2013b and
references therein).

In the Peloponnesus, the distinction between the pre-
Alpine basement and the PQ unit s.s. is difficult due to the
similarity in the metamorphic temperatures between the
Alpine and pre-Alpine deformation (Theye et al. 1992;
Gerolymatos 1994; Blumér 1998; Romer et al. 2008).
Moreover, the scarcity of fossil finds renders the distinc-
tion between the PQ unit s.s. and the Tyros unit in the
Peloponnesus difficult but not impossible; the two units
are characterized by marked contrasts in their lithologies
and metamorphic conditions. The PQ unit s.s. comprises a
rock sequence similar to that of Crete, but the Tyros unit
is dominated by massive lavas, volcanogenic conglomer-
ates, volcaniclastic sandstones, pink-colored shales, tuffs,
quartzitic shales, and micaschists (Gerolymatos 1994;
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Robertson 2006). The rocks that comprise the Tyros unit
have been subjected to low anchimetamorphic conditions
of 240-350 °C and 3-6 kbar (Seidel 1978; Thiebault and
Triboulet 1984). In contrast, the rocks of the PQ unit s.s.
have been subjected to HP/LT metamorphism with esti-
mated conditions of 350—450 °C, 11-13 kbar (Theye 1988)
and 450-550 °C, 17 kbar (Theye and Seidel 1991).

The variations in the metamorphic conditions as well as
in the magmatic and detrital zircon ages among the con-
stituent units of the PQ unit s.1. indicate a complex paleo-
tectonic evolution that could be associated with an active
margin. The existence of a Carboniferous to Permian
Variscan active margin within the External Hellenides is
documented by: (1) the Carboniferous and Permian meta-
morphism of the pre-Alpine basement (Finger et al. 2002;
Romano et al. 2006); (2) the Carboniferous magmatism in
the pre-Alpine basement (Xypolias et al. 2006; Seidel et al.
2006); (3) the tectonostratigraphic relationships described
from the Tyros unit on eastern Crete suggesting a major
tectonic event in late Carnian—early Norian (Stampfli et al.
2003); and (4) the Carboniferous and Permian detrital zir-
cons in the pre-Alpine basement and the Tyros unit (Zulauf
et al. 2015). It has been suggested that in this paleotectonic
context, the pre-Alpine basement and the Tyros unit resided
above the northward subducting Paleotethys ocean (Stamp-
fli et al. 2003; Stamfli and Kozur 2006; Kydonakis et al.
2014; Zulauf et al. 2015). In contrast, the protolith of the
PQ unit s.s. (comprising either both the Arna unit and the
PQ unit of western Crete, or only the latter) was situated
in the southern Paleotethyan realm (Stampfli et al. 2003;
Stamfli and Kozur 2006; Kydonakis et al. 2014; Dérr et al.
2015; Zulauf et al. 2015) as suggested by: (1) the lack of
evidence for Variscan age magmatism and metamorphism
and (2) the predominance of Ediacaran and Tonian detrital
zircons in the protolith of the PQ unit s.s. (Marsellos et al.
2012; Kydonakis et al. 2014; Dorr et al. 2015), which is
typical for sequences with provenance from east Gond-
wana (e.g., Zulauf et al. 2007). We should note that the
polarity of the Paleotethys subduction, the position of the
Paleotethys suture in the Aegean region, and the nature of
the Triassic magmatism are still highly debated. Southward
subduction of the Paleotethys ocean beneath the northern
Gondwana margin during the late Paleozoic—early Meso-
zoic has been suggested by Sengor et al. (1984), Romano
et al. (2006), and Xypolias et al. (2006). In the case of a
northward subducting Paleotethys ocean, occurrence of the
Paleotethys suture in more internal (northern) parts of the
Hellenides orogen has been suggested by Robertson et al.
(1996) and Robertson (2007). Depending on the tectonic
model, the Triassic magmatism could be either rift- or
subduction-related. Recent O-Hf isotopic compositions of
zircons suggest that Triassic magmatism is more likely rift-
related (Fu et al. 2015).
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The occurrence of the Paleotethys suture within the
southern Hellenides has primarily been proposed based
on information from eastern Crete (Stampfli et al. 2003;
Zulauf et al. 2015) and northern Peloponnesus (Kydonakis
et al. 2014). Tracing the Paleotethys suture along the HP
belt, however, requires determining the provenance of the
metamorphosed siliciclastic sequences that have collec-
tively been grouped together as PQ unit s.I. Detrital zircon
dating comprises a powerful tool for unraveling the paleo-
geographic configuration of the siliciclastic sequences in
the External Hellenides in the context of the tectonic evolu-
tion of eastern Mediterranean.

Analytical methods
Petrographic and microstructural analyses

Thin sections of siliciclastic metasediments collected for
U-Pb zircon dating were investigated for accessory min-
erals, detrital rock fragments, and inherited deformation
microstructures in the detrital quartz and feldspar grains.
The microscopic observations are used to constrain the
source rock type and the grade of metamorphic temperature
in the source area.

Laser ablation (LA)-ICP-MS method

Samples for isotope mass spectrometry were processed at
the Institut fiir Geowissenschaften of Frankfurt Univer-
sity using standard mineral separation techniques. These
include crushing and sieving, before concentration of heavy
minerals by heavy liquids (bromoform, methylene iodide)
and magnetic separation with a Frantz isodynamic separa-
tor. Hand-picked zircon grains were mounted in 25-mm-
diameter circular epoxy mounts and polished to expose the
grain interior. Prior to their analysis, the grains were exam-
ined using cathodoluminescence (CL) imaging in order to
recognize their internal structure and to identify cracks and
mineral inclusions. Zircon U-Pb isotope analysis was per-
formed by LA-ICP-MS technique using a Thermo Finni-
gan Element II sector field ICPMS attached to a New Wave
LUV213 laser ablation system (A = 213 nm). Ablation was
carried out in a He carrier gas in a low volume (2.5 cm’)
cell; laser beam parameters used were 30 wm diameter;
5 Hz repetition rate; and 75 % power output. Isotope data
were acquired in peak-jumping mode on eight masses;
202g  204py, 206pp, 207pp, 208ph, 25 and 28U, Back-
ground and ablation data for each analysis were collected
over 90 s, with background measurements (carrier gas, no
ablation) being taken over the first 30 s prior to initiation
of ablation. The data were collected at time-resolved mode
allowing acquisition of the signal as a function of time

(ablation depth) and subsequently recognition of isotopic
heterogeneities within the ablated volume. Raw data were
processed offline using an Excel® spreadsheet program
(Frei and Gerdes 2008). Mass discrimination and elemen-
tal fractionation during laser ablation were corrected by
calibration against the GJ-1 zircon standard (Jackson et al.
2004), which was analyzed routinely during analytical ses-
sions (three standard analyses at the beginning and end of
every session of 33 unknowns, and two standard analyses
every 10 unknowns). Prior to this correction, the change
of elemental fractionation (e.g., Pb/U and Pb/Th ratios as
function of ablation time and thus depth) was corrected for
each set of isotope ratios by applying a linear regression
through all measured ratios versus time, excluding outli-
ers (>2 s.e.), and taking the intercept + = 0 as the correct
ratio. Changes in isotopic ratios arising from laser drill-
ing into domains of distinct Pb/U ratio (core/rim), mineral
inclusions, and zones affected by Pb loss (metamictization/
cracks) can usually be detected by careful monitoring of
the time-resolved signal, and such analyses are rejected.
Common Pb correction was applied only when the inter-
ference- and background-corrected 2**Pb signal were sig-
nificantly higher than the detection limit of about 20 cps.
The latter is limited by the amount of Hg in the carrier gas
and the accuracy to which the 2°Hg and thus the interfer-
ing 2*Hg can be monitored. Corrections made are based
on common Pb composition given by the second-stage
growth curve of Stacey and Kramers (1975) for Neopro-
terozoic age (600 Ma). Data presentation was made with
Isoplot (Ludwig 1994). In order to monitor the reproduc-
ibility and accuracy of our analytical procedure, zircon ref-
erence standard materials 91,500 (Wiedenbeck et al. 1995),
Plesovice (Slama et al. 2008) and M 257 (Nasdala et al.
2008) were analyzed, and the results were consistently in
excellent agreement with the published ID-TIMS data. The
homogeneity of measured zircon reference standard mate-
rials was verified by ID-TIMS analyses. The laser-ICP-
MS U-Pb data of the detrital zircons are reported with 2o
uncertainties in Table 1 (Supplementary data).

Sample description, petrography,
and microstructure

We collected nine quartzite samples from western Crete (3
samples), central Peloponnesus (4 samples), and northern
Peloponnesus (2 samples) along the PQ unit s.s. (Fig. 1;
Table 2, Supplementary data). Sampling covers in plan-
view a 400-km-long segment of the PQ unit s.s. and allows
studying lateral variations in the detrital zircon ages and
the source area. The age of the sampled quartzites was
constrained only on western Crete, on the basis of existing
biostratigraphic data; age determination was difficult for
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the Peloponnesus due to the scarcity of preserved fossils in
the siliciclastic metasediments. The locality, tectonostrati-
graphic position, and age (where possible) of the analyzed
samples are described below, along with their petrographic
and microstructural characteristics.

Northern Peloponnesus

In the northern Peloponnesus, two quartzite samples (FN6
and FN16) were collected from the Chelmos tectonic win-
dow (Fig. 1b). The samples were situated approximately
125 m (FN16) and 800 m (FN6) below the tectonic contact
between the Tyros and PQ unit s.s. (Xypolias and Doutsos
2000; their figs. 3a, 5); pre-Alpine basement has not been
recognized in the Chelmos window. Xypolias and Doutsos
(2000) and Xypolias and Koukouvelas (2001) have previ-
ously studied Alpine deformation in the two quartzites. It
should be noted that sample FN6 was situated at structural
distance ca. 100 m above the quartzite sample analyzed
for detrital zircon ages by Kydonakis et al. (2014). There-
fore, the two samples analyzed in this study augment the
existing detrital zircon dataset in the northern Peloponne-
sus and provide information for detrital zircon provenance
at higher structural levels of the PQ unit s.s., compared to
the study of Kydonakis et al. (2014). The quartzites show a
strong foliation, which results from stretched quartz grains
and the shape-preferred orientation of white mica (Fig. 2a).
The maximum size of the detrital quartz grains is 0.5 mm,
and the grains do not show significant inherited internal
deformation. The few albite porphyroclasts contained in the
quartzites are up to 2 mm in size and show internal folia-
tion, which is oblique to the dominant external foliation
(Fig. 2a). Accessory minerals are tourmaline, titanite, zir-
con, and opaque phases.

Central Peloponnesus

Four quartzites were sampled across the PQ unit s.s. in cen-
tral Peloponnesus (Fig. 1b). Sample PA38 was collected
from the Parnon tectonic window, approximately 300 m
above the basal thrust carrying the 2000 m thick PQ unit
s.s. on the Plattenkalk unit. Sample PA38 comes from the
same sampling locality as sample PA39 of Xypolias and
Kokkalas (2006; their fig. 3). The quartzite is foliated and
consists of detrital quartz grains, up to 0.5 mm in size. Pla-
gioclase is restricted to discrete layers, which are aligned
parallel to the main foliation.

Three quartzite samples were collected from the Tayge-
tos tectonic window (Fig. 1b). Samples AB13 and AB14
were collected 350-370 m above the basal thrust carrying
the ca. 1500 m thick PQ unit s.s. on the Plattenkalk unit
(Xypolias and Kokkalas 2006; their fig. 2). Sample SP4
(Doutsos et al. 2000; their fig. 4a) was collected from a
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higher structural position compared to samples AB13 and
AB14; however, its exact distance from the base or the
top of the PQ unit s.s. is not well constrained. The quartz-
ites are characterized by strong foliation, resulting from
stretched quartz grains and the alignment of white mica.
The detrital quartz grains have a maximum size of 0.8—
1.5 mm in the analyzed samples. The two samples (AB13
and AB14) representing a lower lithostratigraphic position
contain detrital quartz grains with inherited intracrystalline
deformation; perpendicular sets of subgrains, resulting in
the so-called chessboard pattern (Fig. 2b). The chessboard-
type subgrains result from subgrain boundaries, which are
parallel to the prim and the basal planes of quartz crystal.
Subgrain boundaries aligned parallel to the basal planes
result from prism-c-slip, which is restricted to T > 650 °C
(Passchier and Trouw 2005, and references therein). Alpine
deformation of the PQ uint s.s. is typically characterized by
lower metamorphic temperatures. The detrital grains may
also contain exsolved rutile needles (Fig. 2c).

Sample (SP4) represents a higher lithostratigraphic
position and contains detrital quartz, plagioclase, and
K-feldspar (less frequently) grains with sizes up to 0.6 mm
(Fig. 2d). The lack of significant inherited intracrystalline
deformation in the detrital quartz grains and the relatively
large amount of detrital plagioclase and K-feldspar suggest
the presence of relatively undeformed granite in the source
area.

Western Crete

Three quartzites were sampled from the PQ unit s.s. on
western Crete (Fig. 1b). Sample CR30 represents the
lower tectonostratigraphic position and was collected
approximately 20 m above the thrust fault that carries the
PQ unit s.s. over the Trypali unit. The quartzite belongs
to the upper Permian—Early Triassic “Rambi-Seli slates”
formation (Krahl et al. 1983). Sample CR17 was collected
from the “Lower Quartzite” formation, of suggested Early
Triassic age (Krahl et al. 1983). The sample was collected
approximately 50 m above the tectonic contact between
the PQ unit s.s. and the Trypali thrust sheet. Sample CR1
occupies a higher tectonostratigraphic position and was
collected approximately 70 m below the thrust fault carry-
ing the Tripolitsa unit on the PQ thrust sheet. Sample CR1
was situated beneath the “Mana” formation, which is of
Upper Triassic age (Krahl et al. 1983). The sample belongs
to the “Upper Quartzite” formation of Krahl et al. (1983);
the age of the Upper Quartzite formation is unknown.
Marsellos et al. (2012) provide detrital zircon ages for a
quartzite also collected from the Upper Quartzite forma-
tion (A. Marsellos, pers. comm.). However, the sample of
Marsellos et al. (2012) comes from the eastern margin of
the Paleochora salient, while our samples from the central
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Fig. 2 Microphotographs of siliciclastic metasediments collected
from the Peloponnesus and western Crete. All photographs are taken
under crossed polarizers. a Albite clast in foliated matrix of largely
recrystallized quartz and white mica; sample FN16, northern Pelo-
ponnesus, Chelmos tectonic window. b Detrital quartz grain with
perpendicular sets of subgrain boundaries resulting in the so-called
chessboard pattern; sample AB14, central Peloponnesus, Taygetos
tectonic window. ¢ Exsolved rutile needles inside detrital quartz;

domain and western margin of the salient (Chatzaras et al.
2013a). Therefore, the three samples analyzed in this study
add to the existing detrital zircon dataset in western Crete
and provide information for detrital zircon provenance at
lower structural levels and laterally distinct parts of the PQ
unit s.s., compared to the study of Marsellos et al. (2012).
Samples CR30 and CR1 have common microstructural
characteristics. They have strong foliation, formed by the
shape-preferred orientation of white mica and quartz grains.
Detrital quartz grains are usually monocrystalline and have a

sample AB14, Taygetos tectonic window. d Detrital plagioclase and
K-feldspar in matrix of detrital and recrystallized quartz grains; sam-
ple SP4, central Peloponnesus, Taygetos tectonic window. e Detrital
phyllite grain surrounded by detrital quartz grains; sample CR17,
western Crete. f Detrital quartz grain with perpendicular sets of sub-
grain boundaries resulting in the “chessboard pattern”; crossed polar-
izers; sample CR17, western Crete

size up to 2 mm. Inherited intracrystalline deformation fea-
tures in the detrital quartz grains are largely lacking, which
may suggest that the quartz grains were almost undeformed
when being deposited. Sample CR17 from the lower Trias-
sic quartzites contains poorly sorted detrital quartz grains
that vary in size from 0.1 to 1.5 mm. Apart from quartz, the
quartzite contains phyllite clasts with opaque phases aligned
parallel to the phyllitic foliation (Fig. 2e). Inherited intracrys-
talline deformation of the quartz grains involves the formation
of the chessboard pattern of subgrain boundaries (Fig. 2f).
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Fig. 4 Histograms of
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detrital zircons from siliciclastic meta-

sediments of the PQ unit s.s. in northern Peloponnesus (a, b), cen-
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cons <1.0 Ga
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concordance as 2*8U-2"%Pb ages. For the whole sample, we
report 20’Pb—2"Pb ages.

The LA-ICP-MS U-Pb data of the detrital zircons are

reported with 20 uncertainties in Table 1. The CL images of

representative zircon types are shown in Fig. 3. The U-Pb

results are presented on histogram plots in Fig. 4. For ages
younger than 1 Ga, we plot analyses indicating a 91-109 %
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Northern Peloponnesus

The two quartzites collected from the Chelmos tectonic
window contain zircons with grain size ranging from 100
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Fig. 5 Zircon Th/U ratio versus

age plot for the analyzed PQ Pal.
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unit s.s. quartzites. Samples are
grouped based on their locality
in plots for a northern Pelopon-
nesus, b central Peloponnesus,
and ¢ western Crete. The
magmatic versus metamorphic
zircon fields are from Teipel

et al. (2004). The fields for
mafic versus felsic melt sourced
zircons are from Linnemann
etal. (2011)
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to 400 wm. Only 3 % of the zircons are euhedral (Fig. 3a).
Most of the zircons (62 %) have a rounded shape, while
35 % are angular (Fig. 3a).

In the structurally lower quartzite (FN6), each of
the Archean and Paleoproterozoic zircon groups com-
prises 9 % of the total zircon population (Fig. 4a). Only
4 grains (3 %) are Mesoproterozoic (Stenian) in age.
The age spectrum of the detrital zircons is dominated by

Neoproterozoic ages (74 %). The Neoproterozoic zircon
group is split into three subgroups of similar size (21 %
Tonian, 28 % Cryogenian, and 23 % Ediacaran; Fig. 4a).
Cryogenian ages do not show any distinct peak. Con-
versely, Tonian and Ediacaran peaks occur at 962 £ 6
and 608 4+ 3 Ma, respectively. Cambrian zircons (7 %)
comprise the younger age group, showing a peak at
539 + 11 Ma.
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Quartzite FN16, which was collected from the upper
structural levels of the PQ unit s.s., contains only 3 %
Archean and 12 % Paleoproterozoic zircons (Fig. 4b). The
age spectrum of the detrital zircons is dominated by Neo-
proterozoic ages (78 %). The Ediacaran (31 %) and Tonian
(28 %) zircons form the two larger groups of Neoprotero-
zoic zircons, with peaks at 586 £+ 10 and 995 £+ 10 Ma,
respectively (Fig. 4b). Cryogenian (19 %) and Cambrian
(6 %) zircons do not show any age peak.

In the two quartzites from the northern Peloponne-
sus, only 3 % of the zircon grains have Th/U ratio equal
to 0.1 (Fig. 5a), which has been described as the upper
bound for metamorphic grown zircons (Hartmann and San-
tos 2004). The zircons with Th/U ratio equal to 0.1 are of
Cambrian, Ediacaran, and Cryogenian age. The majority
of the zircon population (66 %) has Th/U ratio higher than
0.5, which is considered to be typical for magmatic zircons
(Teipel et al. 2004), while 93 % of zircons have Th/U ratio
lower than 1.5. Values of Th/U ratio lower than 1.5 may
indicate potential crystallization from felsic and/or interme-
diate magmas (Fig. 5a).

Central Peloponnesus

Zircon grains in the four quartzites from the Parnon
and Taygetos tectonic windows range in size from 60 to
330 wm. Only 4-14 % of the zircons are euhedral (Fig. 3b).
Most of the zircons (52—-61 %) have a rounded shape, while
29—-44 % are angular.

Sample PA38 from the Parnon window contains 3 %
Archean and 12 % Mesoproterozoic zircons. Neoprotero-
zoic ages (84 %) dominate the age spectrum of the detrital
zircons; the observed amount of Neoproterozoic zircons
is the highest among the studied samples. The Neoprote-
rozoic zircon group is split into three subgroups (19 %
Tonian, 29 % Cryogenian, and 36 % Ediacaran; Fig. 4c),
with corresponding age peaks at 937 £ 7, 711 £ 7, and
548 £ 5 Ma, respectively.

Quartzite AB13 from the lower structural levels of the
PQ unit s.s. in the Taygetos tectonic window contains low
amounts of Archean (5 %), Paleoproterozoic (12 %), and
Mesoproterozoic (4 %; Stenian) zircons (Fig. 4d). The
zircon age spectrum is dominated by a Neoproterozoic
age group (77 %), which is split into three equally popu-
lated subgroups (25 % Tonian, 22 % Cryogenian, and
28 % Ediacaran; Fig. 4d). Cryogenian ages show no peak.
Conversely, peaks of Tonian and Ediacaran ages occur at
963 + 6 and 640 £ 6 Ma, respectively. The youngest zir-
cons are Cambrian in age and do not show any age peak.

Sample AB14, which is also collected from the base of
the PQ unit s.s., contains 9 % of Archean, 12 % of Paleo-
proterozoic, and 3 % of Mesoproterozoic zircons (Fig. 4e).
Neoproterozoic zircons comprise the dominant age group

@ Springer

(72 %). The Tonian (15 %) and Cryogenian (22 %) zircons
do not show any age peaks, whereas the Ediacaran zircons
(35 %) have a prominent peak at 598 + 8 Ma. The young-
est age group represents slightly discordant analyses at
510 £ 10 to 517 4+ 12 Ma and comprises part of a small
group (4 %) of Cambrian zircons (Fig. 4e).

Quartzite SP4 collected at the upper structural levels of
the PQ unit s.s. in the Taygetos window has an age spec-
trum of detrital zircons different from the samples at the
deeper structural levels. Sample SP4 contains the highest
amount of Archean (10 %) and Paleoproterozoic (15 %)
zircons among all the Peloponnesus samples (Fig. 4f). The
group of Archean zircons has an age peak at 2652 + 13 Ma.
The sample also contains the highest amount of Mesoprote-
rozoic zircons (14 %) among all the analyzed samples. The
Mesoproterozoic zircons are Stenian and show an age peak
at 1059 £ 8 Ma. The Neoproterozoic zircons (61 %) domi-
nate, however, the determined population is the smallest
among the analyzed samples. The Cryogenian (26 %) zir-
cons form the largest subgroup of the Neoproterozoic zir-
cons, with two peaks at 804 + 9 and 638 £ 5 Ma (Fig. 4f).
The Tonian (19 %) and Ediacaran (16 %) zircons comprise
two almost equally populated subgroups with peaks at
965 £ 7 and 586 + 11 Ma (Fig. 4f). The determined popu-
lation of Ediacaran zircons is the smallest among the ana-
lyzed samples.

In the four samples collected from the central Pelopon-
nesus, 71 % of the analyzed zircons have Th/U ratio higher
than 0.5, while 85 % of zircons have Th/U ratios lower than
1.5 (Fig. 5b). Only 2 % of the analyzed zircons have Th/U
lower than 0.1.

Western Crete

Zircon grains in the four quartzites from western Crete
range in size from 70 to 430 wm. Only 9 % of the zircons
are euhedral (Fig. 3¢). Most of the zircons (52-64 %) have
rounded shape, while 27-40 % are angular.

The structurally deeper quartzite (CR30) of upper Per-
mian—lower Scythian age contains 11 % Archean and
23 9% Paleoproterozoic zircons (Fig. 4g); these are the larg-
est Archean and Paleoproterozoic populations observed
among the analyzed samples. The zircon age spectrum is
dominated by a Neoproterozoic age group (65 %), which
is split into three subgroups (Fig. 4g). The Tonian zircons
comprise the smallest of the three subgroups (18 %) and
show an age peak at 983 £ 12 Ma. The sample contains
an equal amount of Cryogenian (24 %) and Ediacaran
(23 %) zircons. The Cryogenian subgroup does not show
an age peak, whereas the Ediacaran subgroup has a peak at
607 £ 5 Ma. The younger zircon defines a concordant age
at 497 £+ 10 Ma (Fig. 5g) and is the only Cambrian zircon
found in the quartzite.
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The middle—upper Scythian quartzite (CR17) contains
6 % Archean, 15 % Paleoproterozoic, and 4 % Mesoprotero-
zoic zircons (Fig. 4h). The Neoproterozoic zircons dominate
the age spectrum. The Tonian (14 %) and Cryogenian (21 %)
subgroups do not show age peaks. In contrast, Ediacaran zir-
cons (37 %) display a prominent peak at 612 + 3 Ma and a
minor peak at 562 + 4 Ma. Cambrian zircons (5 %) com-
prise the younger age group in the sample (Fig. 4h).

Sample CR1, collected at the higher structural levels of
the PQ unit s.s. on western Crete, contains 7 % Archean,
22 9% Paleoproterozoic, and only 3 % Mesoproterozoic
(Stenian) zircons (Fig. 4i). The zircon age spectrum is
dominated by a Neoproterozoic age group (63 %), which
contains three subgroups (Fig. 4i). Tonian zircons (13 %)
do not show any age peak. Cryogenian (21 %) and Ediac-
aran (29 %) zircons, however, have age peaks at 631 + 6
and 571 &+ 5 Ma, respectively. Zircons of Cambrian (5 %)
age comprise the youngest group in the sample (Fig. 41).

In the three quartzites from western Crete, the Th/U ratio
is larger than 0.5 in 68 % of the analyzed zircons, lower
than 1.5 in 81 % of zircons, and lower than 0.1 in only 5 %
of zircons (Fig. 5¢). Zircons with Th/U ratio lower than 0.1
have either Paleoproterozoic or Neoproterozoic age.

Discussion
Provenance of the detrital zircons

The Th/U ratio can potentially provide information for the
magmatic versus metamorphic zircon origin (e.g., Williams
et al. 1996; Rubatto et al. 2001). Low Th/U ratios (typically
<0.1), characteristic of metamorphic zircons, appear to be
limited in our dataset. More than 95 % of the analyzed zir-
cons in each sample are interpreted to have magmatic ori-
gin. However, the use of Th/U ratio as a discriminator of
zircon origin should be used with caution; metamorphic
zircons with high Th/U ratio have been documented (e.g.,
Moller et al. 2002; Kirkland et al. 2015). The Th/U ratio
can be strongly influenced by the bulk-rock composition
and by the partitioning behavior of Th and U between zir-
con grains and coexisting minerals and volatiles (e.g., Har-
ley and Kelly 2007). The Th/U ratio could potentially be
indicative of the composition of the magma from which
zircons crystallized. The large amount (81-93 %) of detri-
tal zircons with Th/U ratio lower than 1.5 could indicate
formation from felsic and intermediate magmas. The ana-
lyzed quartzites from the PQ unit s.s. contain mainly detri-
tal monocrystalline quartz grains as well as detrital plagio-
clase and K-feldspar grains, which suggests that granitoids
were exposed in the source area. Therefore, the detritus
record in the analyzed samples supports the interpretations
from the Th/U ratios.

Some of these granitoids underwent deformation dur-
ing cooling and exsolution of rutile needles in the detrital
quartz grains. High-temperature deformation is indicated
by the chessboard pattern of quartz subgrains observed as
inherited pre-Alpine structures in the detrital quartz grains.
The presence of detrital phyllite clasts in one of the inves-
tigated samples suggests that a greenschist-facies basement
was also present in the source area. It is therefore possi-
ble that felsic granitoids intruded synkinematically into
this greenschist-facies basement. A similar pattern, with
fragments of very low grade to low-grade rocks, has been
observed on eastern Crete at the upper part of the Tyros
unit (Dorr et al. 2015). In the upper part of the Tyros unit
in eastern Crete, pre-Variscan detritus dominates and is
related to the Cadomian and Grenvillian basement of the
Cimmerian continent, which derived from east Gondwana.

In Fig. 6¢, we combine the new U-Pb zircon ages of
the present study with published U-Pb detrital zircon
ages from Marsellos et al. (2012), Dorr et al. (2015), and
Zulauf et al. (this volume). All the detrital zircon ages are
from samples which have been collected from the PQ unit
s.s. The age spectra are dominated by Neoproterozoic zir-
cons and are characterized by prominent Ediacaran and
Cryogenian age clusters. A significant Stenian/Tonian
cluster is also present. The ratio of the Ediacaran peak to
Stenian/Tonian peak is approximately 2:1. Typical for the
detrital zircon age spectra in the PQ unit s.s. is an age gap
between 1.1 and 1.6 Ga. A similar gap in U-Pb zircon ages
has also been recorded for siliciclastic metasedimentary
rocks of the Cycladic Massif (e.g., Lowen et al. 2015). The
1.1-1.6 Ga age gap excludes the Amazonian Craton (west
Gondwana) and the Baltic shield as the source area for the
studied quartzites. In contrast, the Sahara Metacraton could
be a potential source area for the Ediacaran, Cryogenian,
Paleoproterozoic, and Archean detrital zircons. Neoar-
chean and Paleoproterozoic cratonic domains of the Sahara
Metacraton basement have been overprinted by deforma-
tion, metamorphism, and emplacement of igneous bod-
ies during Neoproterozoic remobilization, associated with
the assembly of east Gondwana (e.g., Stern 1994; Meert
and van der Voo 1997; Abdelsalam et al. 2002; Kiister
et al. 2008). The predominant Cryogenian/Ediacaran age
peaks at 580-640 Ma observed in the PQ unit s.s. could be
explained by invoking sourcing from the east African oro-
gen with its juvenile crust of the Arabian—Nubian shield
(Finger et al. 2008 and references therein). However, east
Africa cannot have been the source of late Ediacaran—Cam-
brian age zircons observed in the metasediments of the PQ
unit s.s., because igneous activity was rare in this region
after 570 Ma (Be’eri-Shlevin et al. 2009a; Avigad et al.
2012; Morag et al. 2011). A possible Cadomian provenance
of the Ediacaran—Cambrian zircon grains can therefore be
invoked.
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Fig. 6 a Paleogeographic map for the Permian (modified from
Stamfli and Kozur 2006). The light gray areas are initial rift basin
systems; the rectangle shows the position of Peloponnesus and
Crete. Abbreviations PQ s.s. phyllite—quartzite unit sensu stricto, Ap
apulia, Mn menderes, Sk sakarya. b Exposures of the PQ unit s.s. in
the Peloponnesus, Kythera, and Crete. ¢ Age spectra of the detrital

The Stenian/Tonian age cluster at 0.9-1.1 Ga is more
enigmatic compared to the rest. Cadomian-type terranes do
not show evidence for Stenian/Tonian magmatism. Also,
Stenian and Tonian zircons are restricted to the eastern mar-
gin of the Sahara Metacraton at the contact with the Ara-
bian—Nubian Shield. The detrital zircons in the Cambrian
sediments of northeast Africa and the Arabian Platform
(Be’eri-Shlevin et al. 2009b) can be explained by recycling
of Cryogenian/Tonian metasediments. Such metasediments
could be present along the eastern margin of the Sahara
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zircons along the PQ unit s.s. Different colors correspond to the dif-
ferent parts of the PQ unit s.s. shown in (b). Data are: (i) northern
and central Peloponnesus from this study; (ii) southern Peloponnesus
and Kythera from Marsellos et al. (2012); (iii) Crete from Dorr et al.
(2015), Zulauf et al. (this volume), and this study

Metacraton and the northern margin of the Arabian—Nubian
shield. This recycling of metasediments could be combined
with erosion of the Bayuda basement in northern Sudan
and the Sa’al metamorphic complex in south Sinai (Dorr
et al. 2015). The occurrence of the Stenian/Tonian detrital
zircons in the siliciclastic metasediments of the PQ unit s.s.
could be the result of fluvial transport within the Gondwana
Super-fan System (Squire et al. 2006) from the Kibaran
basement of the Transgondwanan Supermountain. This sce-
nario requires significant transport toward the northeastern
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Gondwana margin during the early Paleozoic (Zulauf et al.
2007; Morag et al. 2011; Meinhold et al. 2012; Kydonakis
et al. 2014). The fact that northeast Africa and the eastern
peri-Gondwana terranes lack any record of 1.3 Ga zircons,
present in the Kibaran basement, renders this scenario less
favorable. Dorr et al. (2015) proposed an alternative sce-
nario, which involves provenance of the detrital zircons
from the recently discovered Stenian/Tonian basement in
the northern Arabian—Nubian shield (Sinai, Be’eri-Shlevin
et al. 2012). This scenario is in agreement with the interpre-
tation of the angular Tonian zircons in the Cambrian sedi-
ments of Israel as an indicator of a proximal source (Avi-
gad et al. 2003).

In summary, the combination of: (1) low amount of met-
amorphic zircons in the source area; (2) the predominance
of Cryogenian and Ediacaran zircons at similar amounts;
(3) the high abundance of Stenian/Tonian zircons; (4) the
Mesoproterozoic age gap; and (5) the existence of Precam-
brian zircons in the Permian to Triassic metasediments of
the PQ unit s.s. favors an east Gondwana provenance.

Paleotectonic implications

The youngest detrital zircon age group in the PQ unit
s.s. implies a late Cambrian maximum depositional age.
A Cambro-Ordovician depositional age for the PQ unit
s.s. has been proposed by Kydonakis et al. (2014). This
Cambro-Ordovician depositional age is bracketed by their
youngest concordant zircon age at 522 Ma and the drop in
the sedimentation rates of the Gondwana Super-fan Sys-
tem around 460 Ma (Squire et al. 2006); the Gondwana
Super-fan system is suggested to have provided the detritus
of the PQ unit s.s. (Kydonakis et al. 2014). Fossil finds in
the PQ unit s.s. on Crete suggest that the siliciclastic meta-
sediments were deposited between the middle Carbonifer-
ous and Late Triassic (Krahl et al. 1983, 1986). No fossil
older than middle Carboniferous has been found within the
PQ unit s.s. (Krahl et al. 1983, 1986; Robertson 2006); it
should be noted, however, that fossils are rare in the Pelo-
ponnesus. Assuming that the PQ unit s.s. on Crete and in
the Peloponnesus are time-and-facies equivalent, a middle
Carboniferous maximum depositional age for the PQ unit
s.s. seems more plausible.

A striking feature of the detrital zircon age spectra is
the complete absence of Ordovician to Triassic ages in
all the quartzites of the PQ unit s.s. (Fig. 6¢). The lack of
Ordovician to Triassic zircons suggests that the deposi-
tional environment was isolated from Variscan and Early
Triassic sources that dominate the detrital zircon record
in the Cyclades (e.g., Lowen et al. 2015, and references
therein). Therefore, Variscan (Devonian to Permian) and
Triassic crystalline basement was not exposed in the source
area of the siliciclastic sediments of the PQ unit s.s. This

observation is in agreement with models placing the proto-
lith of the PQ unit s.s. in a paleogeographic position south
of the Paleotethys ocean, and along the northern margin of
the Cimmerian continent or the Gondwana margin (Fig. 6a)
(Dornsiepen et al. 2001; Stampfli et al. 2003; Stamfli and
Kozur 2006; Kydonakis et al. 2014; Zulauf et al. 2015). In
contrast, the pre-Alpine basement and the Tyros unit con-
tain Carboniferous and Permian igneous rocks and related
detrital zircons and therefore have been affected by Vari-
scan orogenic imprints (Romano et al. 2004; Seidel et al.
2006; Xypolias et al. 2006; Zulauf et al. 2015). Therefore,
the Paleotethys suture should be situated within the Exter-
nal Hellenides and in particular between the PQ unit s.s.
and the Variscan pre-Alpine basement as has also been pro-
posed by Kydonakis et al. (2014) and Zulauf et al. (2015,
this volume). The PQ unit s.s. comprised the northern pas-
sive margin of Gondwana while the Variscan basement had
a complex tectonometamorphic evolution at the northern
Paleotethyan active margin. In places where the Variscan
basement is lacking (e.g., in the northern and central Pelo-
ponnesus, and western Crete), the Paleotethys suture is por-
trayed by the contact between the PQ unit s.s. and the Tyros
unit or the overlying Tripolitsa unit.

The significant amount of detrital zircon age data that
are now available for the PQ unit s.s. provide important
insights into: (1) the relationships between the siliciclastic
sequences of the PQ unit s.s. exposed along the HP belt and
(2) the paleogeographic configuration of the northern Gond-
wana margin during the late Paleozoic to early Mesozoic.
In Fig. 6b, ¢, we compile detrital zircon ages that are avail-
able along the complete length of the P.Q. s.s. (Marsellos
et al. 2012; Dorr et al. 2015; Zulauf et al. this volume; this
study). The compiled data suggest that the Permian—Triassic
quartzites—ages based on biostratigraphic data—on Crete
have similar detrital zircon age spectra with the quartzites
of unknown age on Kythera and the Peloponnesus. The age
spectra from the southern Peloponnesus and Kythera have
the same—but less well defined—age peaks compared to
those from Crete and northern/central Peloponnesus. The
consistency of the detrital zircon age spectra along the
600 km exposure of the PQ unit s.s. favors a common pale-
ogeographic origin for the siliciclastic metasediments on
Crete, Kythera, and the Peloponnesus; their protoliths were
lateral equivalents and parts of the same sequence deposited
in a paleogeographic area situated along the northern Gond-
wana margin. The source of the detritus that were deposited
in the paleogeographic area of the PQ unit s.s. protolith
remained constant in space and time during the Paleozoic—
early Mesozoic. Paleotectonic models of dextral terrane
transport along the northern Gondwana margin during Car-
boniferous—Permian (Robertson 2006) or Permian—Triassic
(Dornsiepen et al. (2001) do not reconcile with the detri-
tal zircon data from the PQ unit s.s. These models suggest
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juxtaposition of crustal fragments with diverse affinities and
siliciclastic sequences of diverse provenance, which is not
supported by the spatiotemporal consistency of the detrital
zircon age spectra in the PQ unit s.s.

Conclusions

New detrital zircon U-Pb data from quartzites of the PQ
unit s.s. in the External Hellenides allow us to draw the fol-
lowing conclusions:

1. The detrital zircon age spectra remain largely consist-
ent between the different tectonostratigraphic levels
of the PQ unit s.s. The Permian—Triassic quartzites on
Crete show similar age spectra with the quartzites of
unknown age on Kythera and the Peloponnesus. There-
fore, the siliciclastic sequences of the PQ unit s.s. have
a common paleogeographic origin and are character-
ized by a spatiotemporally consistent source of detritus
along the HP belt in the External Hellenides.

2. The Neoproterozoic ages predominate the age spectra;
Ediacaran and Cryogenian zircons comprise the domi-
nant populations, while Stenian/Tonian zircons are pre-
sent in a smaller amount. A pronounced age peak exists
at ca. 600 Ma and a smaller peak at ca. 1000 Ma. These
peaks are typical for east Gondwana provenance.

3. The Saharan Metacraton and the Arabian—Nubian
shield could be the source of the Ediacaran, Cryo-
genian, Stenian/Tonian, Paleoproterozoic and Archean
zircons. A Cadomian provenance can be invoked for
the Ediacaran/Cambrian zircon grains.

4. The lack of Carboniferous to Triassic ages in the ana-
lyzed quartzites of the PQ unit s.s. suggests a deposi-
tional environment restricted from Variscan and early
Mesozoic sources. The protolith of the PQ unit s.s. was
therefore deposited in a paleogeographic area south of
the Paleotethys ocean and along the northern Gond-
wana margin.
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